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FOREWORD 
This document was prepared by the Thermophysics Group of 
the Infrared Programs Laboratory of the Engineering Sciences 
Directorate, Lockheed Palo Alto Reseerch Laboratory, 
Lockheed Missiles & Space Company for the George C. Mar- 
shall Space Flight Center of the National Aeronautics and Space 
Administration. This is an interim report which reviews the 
technical activities and accompli:.ihments for the period 29 June 
1970 to 29 June 1971, the first year of performance, on Contract 
NAS8-26304. The work was administered under the technical 
direction of Mr. Roger Harwell , 'daterials Division, Astronau- 
tics Laboratory, Marshall Sy!ac:u Flight Center. 
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ABSTRACT 
Results of studies conducted during the first  year of performance 
on Contract NAS8-26304 a r e  reviewed. These studies are directed 
toward the development of a method and apparatus for detcrrnining 
the high temperature emittance of thermal protection materials 
for use on the space shuttle and for evaluating the effects of such 
reentry environment parameters a s  temperature, pressure, flow 
velocity, and gas temperature on the ernittancc stability of these 
materials. A description of the proposed test method and appa- 
ratus is included. 
iii 
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Section 1 
INTRODUCTION 
The design of thermal protection systems for radiatively cooled vehicles entering the 
earth's atmosphere requires an accurate knowledge of the total hemispherical emittance 
of the exterior surface material. The advent of the manned, reusable entry vehicle has 
placed additional requirements on the determination of the radiative properties of candi- 
date materials. Because of the reusability factor, the emittance of these high- 
temperature materials must be evaluated for repeated exposures to cyclic temperatures 
in an oxidizing atmosphere at total pressures from less thau 1 Torr  to nearly atmos- 
pheric pressure. Consideratiom must also be made of the effects of the gas stream 
in terms of velocity, angle of incidence on the s a f a c e ,  composition, and its tempera- 
ture in relation to that of the surface, a s  well a s  potentially degrading constituents of 
the ground environment such a s  water o r  a humid, salt atmosphere. Measurement of 
emittance under all of thes exposure conditions is a formidable task, and careful atten- 
tion must be given to the selection of a method o r  methods of measuring emittance for 
the various exposure conditions considering both specimen and apparatus costs and 
accuracy of the data required for thermal design purposes. 
The objective of this program is to develop an experimental method and apparatus for 
the measurement of emittance of high temperature materials which may be used in the 
thermal protection system of the reusable space vehicle. Measurement goals are: 
Total hemispherical and total normal emittance, from 500" to 3000" F,  of 
refractory metals, superalloys , ceramics, ceramic coatings on electrically 
conductive substrates, graphites , a d  carbon composites. 
Measurements a r e  to be made in vacuum (lo-' Torr) o r  in air o r  oxidizing 
atmosphere from to 760 Torr .  
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Measurement of total normal emittance during temperature and gas pressure 
cycling. In addition to a static atmosphere, provision@ a r e  to be incorporated 
for flow of the atmospheric gas over the test area of the specimen during 
dynamic heating tests. 
Accuracy cmsistent with requirements for vehicle thermal analysis studies. 
Specimen configuration compatible with current state-of-the-art fabrication 
capabilities. 
To achieve these goals, a three-phase program plan was initially formulated. Phase I 
consisted of a literature review and survey of experimental facilities for high- 
temperature emittance determinations which would meet, o r  could be modified to meet, 
tine temperature/environment/flow simulation goals of the program. Phase I1 involved 
experimental and analytical investigations of potential measurement problems (e. g. , 
temperature and energy measurements, materials compatibility); of flow simulation 
requirements and techniques; selection of the experimental method; and design and 
assembly of the test apparatus and instrumentation. Phase III was intended for check- 
out, delivery, and installation of the apparatus at MSFC; however, these activities were 
postponed to accommodate changes in the program which a r e  described next. 
Following completion of the first  half of the initial program plan, a request was re- 
ceived from MSFC to modify the program plan to include the following: (1) investigate 
the feasibility of incorporating supersonic and hypersonic flow-simulation capabilities 
into the apparatus, and (2) perform tests with the apparatus to determine the emittance 
properties of seven candidate thermal-protection-system materials and evaluate the 
effects of flow-rate , hot and cold gas flow, and temperature-pressure cycling on the 
ernittance stability of the materials. [Note: The seven materials specified for these 
tests were: (1) Oxidized Rene 41; (2) Oxidized HS-188; (3) Oxidized TDNiCr; 
(4) Cb129 with VH-109 coating; (5) Cb752 with R512E coating; (6) LMSC LI15 with 
water-proof coating; and (7) McDD HCF material with water-proof coating. ] Tests 
a d  analyses to determine the feasibility of providing supermnic (;A Mach u 2.5) 
flow conditions were performed and recommendatione and a revised work plan were 
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submitted to MSFC in April 1971. Negotiation of the necessary contract modifications 
to incorporate the above changes into the program have been completed and final ap- 
proval to proceed with construction of the apparatus i s  expected early in July. Fabri- 
cation and assembly of the apparatus is presently scheduled for completion in October 
1971 and the materials tests a r e  to be completed by the end of June 1972. 
The technical activities and accomplishments to date on this contract a re  summarized 
in the remainder of this report. Initial (Phase I) effort was devoted to ascertaining 
the current state-of-the-art capabilities for high-temperature emittance determinations 
for materials in simulated reentry environments. This was done by the use of survey 
questionnaires and subsequent consultations with personnel actively engaged in the 
areas of high-temperature materials research o r  radiative property measurements, 
and by making an extensive literature survey. The results of these activities a re  de- 
scribed in Ref. 1 which is the first quarterly progress report for this contract. 
Phase I1 activities were concerned with studies of the reentry environment to determine 
the requirements for gas composition, flow-velocity, temperature, and pressure simu- 
lation for laboratory conducted materials tests and to ascertain the problems imposed 
by environmental simulation on high-temperature emittance test requiremente. Ex- 
perimental tests were made on specimens of an oxidized superalloy (L605) and a high- 
temperature ceramic-coating material to obtain preliminary emittance data for these 
materials and to evaluate their emittance stability at elevated temperatures in various 
static air  pressure environments. Tests on a pure p l a t i u a  specimen were also made 
to determine the convective heat losses from a typical (vertical strip) sample configu- 
ration at various temperature (to 1500°K) and s t ~ t i c  air pressures between 1 and 
760 Torr.  The results of these activities a re  contained in Refs. 2 and 3 which a r e  the 
second and third quarterly progress reports for this contract. The results of testa 
and analysis to determine the feasibility of providing supersonic flow conditions a re  
also contained in Rei. 3. 
Section 2 of this report reviews the information in these references on thermal radiation 
pro.perty measurements. Section 3 of the report summarizes the information obtained 
r on reentry environment conditions and simulation. Section 4 contains an up-ta-date de- 
scription of the proposed test apparatus and methods to be used for the emittance studies 
in this program. 3 
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Section 2 
THERMAL RAljIATION PROPERTIES, MEA5UREMENT 
METHODS AND APPARATUS 
The purpose of this section is to briefly summarize the information $resented in 
earlier reports (Refs. 1, 2 and 3) on this contract concerning the radiant properties 
of materials that a r e  of importance to this program and the ex i r imen ta l  methods and 
test facilities that have been developed to determine these properties. Complete defi- 
nitions of radiant-property terms and descriptions of methods and apparatus a r e  given 
in the references and a r e  omitted from this report to avoid a lengthy repetition of 
detail. 
2 . 1  THERMAL RADIATION PROPEHTIES 
The property of primary importance to the design of thermal protection systems for 
the space shuttle is the total hemispherical emittance of the vehiclels exterior surface. 
This property determines the rate at which heat will be dissipated by radiation from 
the vehicle's surface anu therefore is an important factor in determining the vehiclels 
temperature during a reentry trajectory when it  is subjected to high, aerodynamic 
heating loads. A high-emittance surface is desired to minimize the peak temperatures 
attained by the vehicle. The total hemispherical emittance of a material is determined 
by the chemical  composition^ and physical condition of i ts  surface and for most mate- 
rials is temperature dependent. 
Two other radiant properties of importance in high-temperature materials research 
are the total and spectral directional (usually normal) emittance properties. These 
properties a r e  useful because they a r e  easier to determine a t  elevated temperatures, 
the measurements required for their determination can be made relatively quickly, 
and the measurements can be made while the specimen is being exposed to a wide 
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variety of environmental conditions (e. g.  , in a i r  o r  vacuum, with high o r  low flow 
velocities). The total normal emittance of a surface is closely related to the total 
hemispherical emittance so that a change in one o i  these properties ie usually accom- 
panied by an equivalent change in the other. For high emittame surfaces, total normal 
values a r e  generally from 2 to 8% higher than the corresponding total hemispherical 
values. 
The spectral emittance characteristics of a surface a re  of value in indicating the 
"greynessw of a emface, i .e . ,  those wavelengths a t  which the emittance is higher o r  
lower than the overall average o r  total emittance iralue. This information i s  ueeful 
in predicting whether total emittance values will increase, decrease, o r  remain the 
same a s  the temperature of the surface cllanges. Changes in the spectral emittance 
characteristics of a surface during o r  after high-temperature exposures often indicate 
the occurrence of changes in the chemical composition of the surface material which 
might not be detected otherwise. 
Total hemispherical emittame values a r e  determined most directly using calorimetric 
measurement techniques whereas total and spectral directional emittance values a r e  
determined radiometrically. The essential differences and limitations of these two 
measuring methods a r e  discussed next. 
2.2 EMITTANCE MEASUREMENT METHODS 
The methods used to determine emittance properties may be broadly classified a s  
calorimetric o r  radiometric. Calorimetric methods require computations based upon 
an energy balance between a test specimen and its surroundings to determine the net 
energy emitted by the specimen. Radiometric mt .hods require a calibrated detector 
and optical viewing system for determining the quantity and quality of radiation emitted 
from the surface of a test specimen relative to the radiation emittsd by a blackbody a t  
the same temperature. The general test conditione and msasurement parameters re- 
quired for each of these methods have k e n  described in llef. 1 and are briefly reviewed 
below. 
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2 . 2 . 1  Calorimetric Methods 
Calorimetric methods have been developed to determine the total hemispherical emit- 
tance of specimens at Zemperaturss a s  low a s  "OaK to temperatures a s  hikg a s  2500°K. 
The procedure involves a deterrdnation of the net energy lost by radiation from a sarn- 
ple heated to a steady state tes t  temperature. It i s  the most direct approacb for total 
hemispherical ernittance measurements since directional effects need not be considered 
in performing the energy balance. Heating of the sample can be accomplished with a 
variety of techniques, although a t  temperature above ambient levels i t  i s  most common 
to use electrical power. For a n  electrically conducting material, a current can be 
passed through the sample itself, while for insulators i t  is necessary to place thein on 
a substrate which is heated either electrically o r  by some other meam such a s  by a 
heater totally enclosed within the specimen. 
A s  the calorimetric method is based upon an energ, balance between the specimen and 
i t s  envirolment, the measurements a r e  generally made in vacuum so that radiation i s  
the only significant heat-transfer mechanism. For test chamber pressures  above 
-2 10 Tor r ,  convective heat transfer becomes increasingly import 'nt and must be 
accurately accounted for in order  to preserve the accuracy of the toL l  hemispherical 
ernittance determination. Convective heat-loss determillations a r e  difficult to deter- 
mine and change with ambient pressure,  surface temperature, specimen size,  and 
specimen orientation; consequently, radiometric measurement methods &re UBW 1 ly 
us.A if mnvacuurn exposure conditions are  required. Calorimetric emittance deter- 
minations in flowing-gas environments are virtually impossible to obtain with any 
degree ofacpuracy. 
The accuracy of a calorimetrically determined total hemi8pht;;hical emittance value 
~epande primarily upon the ticcuracy o r  magnitude of the following parameters: 
T, the surface temperature of the test  specimen 
To ' the temperature of the test chamber walls surrounding the b d t  specimen 
*8 ' 
the radiating surface area of the test specimen 
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the input heating power to the test specimen (usually electrical, equal to 
2 I R or  IV) 
the nonradiative heat losses from the test specimen, by conduction through 
attached instrumentation leads and by convection in the presence of an am- 
bient atmosphere 
The effects of inaccuracies fn each of these parameters on the emittance measurement 
e r ro r ,  and techniques that can be used to minimize the uncertainties, a re  discussed in 
Ref. 1 (Section 4). The principsl source of er ror  in an emittance determination stems 
from temperat-me-measurement errors .  Even in the optimum situation where the 
ratio T /T is maintained a t  less than 3, the e r ro r  in emittance is greater by a factor 
s 0 
of 4 %an the e r ro r  in measurement of absolute temperature. 
2.2.2 Radiometric Methods 
Radiometric determinations of total o r  spectral high temperature emittance a r e  accom- 
plished by ffviev~ingf the energy exitted by a sample with a calibrated detector. For 
total measurements, the detector used can be a thermocouple, thermopile, bolometer, 
o r  a similar unit thai is responsive to the radiant flux emitted by the specimen.1 For 
monochroma~ic measurements, the total detector is replaced by collecting optics, a 
monochromator (prism, grating, o r  filter), and a sensitive detecting system. 
The electrical heating technique is frequently used for conducting samples. Other in- 
direct methods such a s  radiant heating, inducticn heating, o r  electron beam heating 
a re  also commonly used; however, the measurement procedure is basically the same. 
The heated sample is surrounded by an enclosure a t  temperature To and the emitted 
energy is detected by a i slibrated detector. An external optical system is normally 
used to collect and d i ~  2ct the emitted beam to the detecting system and a beam-chopping 
system is used to obtain J modulated detector signal suitable for amplification and 
measurement, 
Temperature measurement e r ro r s  have the same effect on total emittance e r ro r s  a s  
for the calorimetric method, but for spectral emittance determinations the resultant 
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uncertainty is wavelength dependent. As shown in Ref. 1, for a 1% er ro r  in tempera- 
ture at Ts = lCOOcK, the e r r o r  in eh at h = 0.5 p will be about 30% but at wave- 
lengths beyo~d 50p will be down to about 1%. At wavelengths between these limits, 
the e r ro r  in will vary between these values and can be evaluated from the er ror  
function shown in Ref. 1 [Eq . (1 $)I . 
U.dike the calorimetric method, the uncertainties associated with energy losses from 
the sample by conduction o r  convection have no effect on the radiometric emittance 
determinations. For this reason, measurements can be performed in a i r  o r  in flowing- 
gas environments and the sample may be conductively linked to its surrounds a s  long 
a s  the area viewed is uniform in temperature and emitta: ce. 
The detector introduces sources of er ror  that are &ffic?zlt t~ assess mmerically in 
general terms since nurieroue types of detectors a re  in current use. Potential detec- 
tor e r ro r s  a r e  minimized through adherence to the following requirements: 
The detector receiver must be "blackff throughout the energy spectrum of 
interest (nongrey error) .  
Detector response must be a linear function of incident energy (nonlinearity 
error).  
Detector response must be uniform for ecargy inc ide~t  from al! receiving 
directions (directional sensitivity error).  
Detector sensitivity for all surface area elements must be constant (nonuni- 
formity er ror) .  
Since no single detector in current use meets all of these requiremects, it is necessary 
to systematically investigate the system performance in terms of the above require- 
ments to minimize e r ro r s  due to the detection scheme. Without such checks, i t  is 
possible to incur detector e r ro r s  which correspond to a 100% er ro r  in emittance 
measurement. 
Errors  with a monochromatic detection system a r e  similar to those for a total detec- 
tor with the addition of several sources within the monochromator itself. Scattered 
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energy, wavelength resolution, atmospheric absorption, and the effects of the reflect- 
ing and transmitting optics in the transfer system must be evaluated in terms of the 
desired result. Another source of e r ro r  is the optical thickness of the gas layer be- 
tween the specimen and the detection system. Carbon, for example, introduces C02 
(which is a strong absorber in certain spectral bands) into this boundary layer. 
2.3 EMITTANCE TEST FACILITIES 
Under the Phase I portion of this program, a review was made of existing high tem- 
perature test facilities 'to determine if an apparatus currently existed that would meet 
the program goals o r  could be modified to accomplish these objectives. This was done 
by means of a literature review and a survey of laboratories active in the field of high 
temperature materials research. Results of the literature review a r e  contained in the 
bibliogxphy portion (Vol. 11) of Ref. 1. The survey of facilities was made by means 
of letter questivnnaires and personal contacts. Twenty-eight organizations were con- 
tacted by mail and 18 res-ponses were received. Personal contacts were made with 16 
companies and laboratories. On the basis of these contacts, visits were made to 10 
facilities for discussions of measurement techniques, flow simulation requirements and 
methods, and materials behavior. 
The resuits o l  this survey a r e  reported in Refs. 1 and 2 and a summary of the facilities 
reporting a capability for measurement of emittance properties in a i r  is given in 
Table 1 in terms of the radiative property measured, heating method, and environmen- 
tal simulation capability. Of thdse facilities, only the plasma-arc tunnels test under 
supersonic, hot gas conditions, and none of these tests simulate actual velocity but 
rather attempt to match stagnation enthalpy and pressure (Ref. 4). The radiative prop- 
erties measurements, with the exception of AVCO, are limited. to spectral data in the 
visible portion of the spectrum. AVCO1s a r c  tunnel incorporates a total detector 
(thermopile) for total normal nieasurements during testing. The Boeing apparatus 
utilizes near-room-temperature air flow from a sonic nozzle for entry simulation dur- 
ing temperature and pressure cycling, and it has provisions for determining total 
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normal and spectral (A = 0.65 p )  normal emittance. The equipment at North 
American Rockwell and McDonnell-Douglas is equipped to provide for exposure to a i r  
but only at very low velocities. Total normal and spectral mrmal  emittances are  
measured in lhese facilities. Of those having total hemispherical emittance capability, 
none a r e  equipped for flow simulation. However, the Boeing apparatus could be easily 
adapted for total hemispherical emittance measurement under static conditions. 
Descriptions of the various types of facilities listed in Table 1 a re  contained in Ref. 1 
Brief summaries for each of the basic types of facilities a r e  given in the following 
paragraphs. 
Plasma-Arc Tunnel. This type of test facility most nearly simulates entry condi- 
tions in that supersonic velocities a r e  achieved (Mach n ~ n b e r s  of 2 to 5), and the 
gas stream temperature is higher than the surface temperature. However, at 
pressures corresponding to the entry trajectory, surfacc shear s tresses and veloc- 
ity a r e  much lower than a r e  obtain in flight. Specimen temperature and pressure 
profiles can be simulated for time periods corresponding to tk,: range of shuttle 
vehicle trajectories. Stagnation, inclined plate, wedge, and wall (turbulent duct) 
ilow conditions can be obtained. This type of apparatus could be modified for total 
an6 spectral normal o r  angular emittance measurements; however, uncertainties 
in the energy balance on the specimen will result in poor accuracy of total hemi- 
spherical emittance measurements during flow. Although the specimen is convec- 
tively heated, data could possibly be obtained for no-flow conditions from a transient 
analysis, but again the thermal balance uncertainties will result in poor accuracy 
for the total emittance determinations. 
Resistance Heating. The resistance heated strip method used by Boeing for the 
X-20 program studies was reported (Ref. 5) to satisfy the mass transfer rate cri- 
teria for coated refractory metals. This apparatus uscs a near sonic velocity free 
jet of ambient air  impinging on the central area of the specimen to achieve the nec- 
essary mass transfer. The apparatus can duplicate the pressure and tern,wrstue 
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requirements of the shuttle vehicle trajectories and is instrumented for total nor- 
mal and spectral (0 55p)  normal emittance measurements during flow. It could be 
modified for angular measurements with the flow interrupted. Various flow angles 
may be obtained by moving the nozzle o r  rotating the specimen plane. 
None of the other facilities employing the heated strip o r  filament heating method 
a r e  equipped for simulation of flow conditions. However, they could be modified 
to accomplish the same performance a s  the Boeing apparatus. Principally, this 
would entail the addition of instrumentation and a nozzle with the pumping system 
to accommodate the high mass flows at the low pressures. 
Induction Heating;. Facilities using induction heating of the specimens could also 
be modified to incorporate means for high velocity flow, pressure simulation, and 
radiometric emittance measurement capabilities similar to those discussed pre- 
viously. Total hemispherical emittance cannot be measured directly because of the 
difficulty in evaluating the power input to the sample during heating. For transient 
test conditions, the problems a r e  similar to those in an a r c  tunnel. One problem 
associated with inductim heating is the requirement for a susceptor material for 
nonconductors o r  thin sheet specimens which will survive the test environment. 
For high velocity flow tests, the specimen surface must be flush with the face of 
the susceptor, and for thin samples i t  is difficult to obtain a uniform temperature 
distribution over the test area. 
Furnace. This type of heating method is not suitable for dynamic test conditions 
because of the poor cyclic temperature response of a furnace and the difficulty in 
achieving high velocity flow in the furnace hot zone while still maintaining the ad- 
vantage of near blackbody conditions which minfmizes the specimen tern- erature 
measurement problem. Also, total hemispherical emittance measurements cannot 
be obtained under these conditions and, in gmeral,  angular  measurement^ canmt 
be made because of the constructional featwes of a furnace. 
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The conclusion obtained from the Phase I survey activities was that none of the existing 
high-temperature test facilities meet all of the measurement and flow simulation re- 
quirements for this program. The two basic types of apparatus which could be modified 
to meet the majority of the measurement objectives a r e  the plasma a rc  and the 
resistance-heated-strip facilities. The latter type is recommended over the plasma 
a r c  for the following reasons: 
Adaptable to direct measurement of total hemispherical emittance 
-4 
@ Pressure simulation from < 10 to ?6!! m m  Hg 
Suitable for low temperature range (300" to 1000" F) material studies 
No problem of contamination cf specimen surface by environment, i .  e. , a rc  
Configuration more adaptable to radiometric instrumentation 
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Section 3 
ENVIRONMENTAL SIMULATION REQUIREMENTS 
At high temperatures, the thermal radiative properties of many materials a r e  strongly 
dependent upon the environment in which they a r e  heated. Factors such a s  time of ex- 
posure and the pressure, temperature, and gas species present in the atmosphere with 
which the material is in contact may control the composition of the surface layer which 
in turn governs the radiative properties of the material. Shearing forces due to high 
velocity flow may result in the removal of portions of this surface layer and alter the 
radiative characteristics of the body. Also, rapid temperature changes may induce 
thermal s tresses which singly, o r  in combination with stresses due to the shear forceo, 
will remove some of the surface material. Finally, a s  the shuttle is designed for up to 
100 reuse cycles, the effect of repeated exposure to these environments must be 
considered. 
Other environmental factors such a s  vibration, strain, water and salt atmospheres, 
impact, and abrasion may also play an important role in the performance of the surface 
materisl. Vibrational loads will occur principally during hoost and at low altitudes dur- 
ing entry at which times surface temperatures a r e  low. Also, large strains due to aero- 
dynamic forces will not occur in the high temperature portions of the flight. Similarly, 
exposure to water and salt atmospheres, erosion, and impact, except orbital meteoroid 
considerations, will be during the low altitude part of the flight. While these environ- 
mental factors a r e  important to the reuse capability, they Q not bear directly on emit- 
tance stability during a specific entry cycle. Also, a s  the effects of these factors will 
not be subject to change with time, i . e . ,  the period between environmental exposure and 
testing will not have any significznt influence on the emittance properties; specimens 
could be exposed to these mechanical and b w  altitude environments and subixquently 
tested under the simulated emittance measurement entry conditions to evaluate their 
effect: on the radiative behavior of the candidate materials. 
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3.1 ENTRY ENVIHONMENT 
To establish the simulation capabilities required for the test apparatus, an analysis 
was performed to develop typical boundary layer flow properties at three locations on 
an orbiter vehicle. For this purpose a Delta body configuration was selected, and the 
entry trajectory parameters were for a 1500-nmi cross range. As no specific config- 
uration had been selected by NASA for the orbiter, the Delta body was used because of 
LMSCfs extensive studies on this contlguration. The straight wing concept o r  shorter 
cross ranges do not significantly alter the boundary layer properties. The results of 
these studies a re  described in Refs. 1 and 2 and will only be summarized herein. 
From Table 2 it may be seen that during the elevated temperature portion of the entry 
surface temperatures will vary from 1000" to 3000°R; boundary layer temperatures 
range from less than 1000" to 10,OOOOR; total pressures at the surface will vary from 
5 to nearly 100 Torr; and the Mach number range is from 3 to 25. Also, dissociation 
of oxygen occurs in the boundary layer, but with the exception of a very short time 
period at the stagnation point, the boundary layer at the surface is essentially undis- 
sociated air  (N2 and O2 ). Using these results and limited data appearing in the open 
literature on the behavior of materials in simulated earth entry environments, the flow 
simulation requirements for the emittance test apparatus were established. 
3.2 FLOW SIMULATION REQUIREMENTS 
The results of a literature survey on the thermal radiative properties of candidate 
space shuttle materials did not disclose any data a s  to the influence of velocity, tem- 
perature, or  composition of the gas stream on emittance. Limited information on 
oxidation performance of some materials was found, and it  was necessary to rely on 
this information in the formulation of the simulation recommendations. 
3.2.1 Gas Temperature 
Boundary layer composition as well a s  the transport property and concentration gradi- 
ents within this layer are  a function of the boundary layer temperature distribution. 
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These in turn a r e  related through diffusion parameters to the chemical and sublimation 
reactions which may occur at the material surface. For space shuttle applications 
there will be some dissociation of oxygen in the boundary layer a s  shown in Appendix A 
of Ref. 2. Aside from the effect of dissociation on heat transfer rate ,  comideratior, 
must also be given to the reactions of the material with both atomic and molecular oxy- 
gen and the resultant effect on the radiative character of the surface. Some glassy-like 
surfaces such a s  a r e  obtained on coated refractory alloys and ceramic coatings on sur- 
face insdation systems may show little difference when exposed to 0 or O2 at the tem- 
peratures predicted for the shuttle vehicle. However, one might expect that exposure 
to atomic oxygen would result in a radically different set of en  Xance characteristics 
than those produced by mole~ular  oxygen on oxide forming metals such a s  the TDNiCr 
family. In either case, no data were found in the literature to support any hypothesis 
in this regard, Reference 6 discusses oxidation resistance for coated refractory metals 
and suggsets that the relatively short exposure Cimes to atomic oxygen will not czuse 
any significant changes in oxidation performance. However, no data a r e  preseqted to 
support this assumption. 
Diffusion coefficients a r e  influenced by the boundary layer gradients, and for very re- 
active materials it might be necessary to simulate the boundary layer flow field to 
achieve a realistic representation of the surface radiative properties. However, the 
candidate materials for the space shuttle will be relatively unreactive because of the 
multiple reuse requirement. Therefore, diffusion should not present a problem so 
long a s  the flow is sufficient to provide the required mass transfer rates predicted for 
the materials. For some materials the reaction could be diffusion limited at the higher 
tempera turc~ . Graphite is an example of this case , (e . g. , Ref. 7). For the long life 
systems, however, the surface chemistry should be adequately simulated at moderate 
velocities which are sufficient to assure that the processes a re  not diffusion limited. 
During entry the exterior surfaces a r e  at a higher temperature than the substrate, and 
these temperature levels will control the reactions between the coating and its environ- 
ment and between the substrate and coating. For materials that form thick, relatively 
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low thermal conductivity oxide layers large temgerature gradients will exist between 
the substrate and the surface. For hot-gas plasma arc tests, Kaufman et al .  (Hef. 8) 
report gradients on the order of 50eF/mil for ZrB in the temperature range of 4000" 2 
to 4500°F. Conversely, for cold gas flow conditions at. low flow velocities, (50 ft/sec), 
and a substrate temperature of 3400 OF, the gradient was on the order of 15" to 20 OF/ 
mil of oxide (surface temperature lower than substrate). If a colder p J i s  used for 
testing materials which form thic!r oxide layers o r  have thick coat'ngs, surface tem- 
peratures may be significantly lower than the substrate temperature. Then, in order 
to test at predicted surface temperaturds, the sr lb~trate would be at a temperat-me 
considerably above that for flight conditions with the possibility of reactions occurring 
at the interface which a r e  not representative of actual use. hlatelials which form a 
thinner oxide layer, such a s  on the superalloys o r  a coated refractory metal, will not 
be subject to such large gradients, and this effwt of gas temper.ature will not be a s  
significant. 
3.2.2 Pressure 
As pressure is a major parameter for reaction and sublimation processes, it is nec- 
essary to duplicate the time-pressure history for the various locAons on the shuttle 
vehicle. For conditions where dissociation is also a factor it  may be necessary to 
simulate the pressures of the oxygen species. Since no data were found regarding 
dissociation effecrs, it i s  desirable to have the capability o? simulating total pressure 
a s  well a s  partial pressures of atomic and mclecular oxygen w, that any such effe2t on 
emittance may be studied experimentally. 
3.2.3 Composition 
From the data presented in Ref. 2, i t  is seen that the composition of tho bundary layer 
at the vehicle surface ie undissociated air except ;.t the initial part of the sntry trajec- 
tory in the stagnation region. However, a Large fraction of atomic oxygen does exist in 
the boundary layer at  dietarnee from the surface, and &is species may be in contact 
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with the vehicle surface in regions downstream from the stagnation region. Because 
of the lack of data on dissociation effects, it would be desirable to have the capability 
to expose the specimen to both atomic and molecular oxygen. 
3.2.4 Velocity 
Boundary layer velocity conditions may affect the radiative performance of the surface 
material in terms of shear forces and mass transfer. Since there i s  no existing 
facility that is suitable for both emittance measurements and simulation of the velocity 
and pressure conditions encountered during the e.?try t ra jeckry ,  tke raqi remente  of 
approximating this environment by using supersonic o r  hypersonic flow conditions was 
examined. Considering first  the mechanical effects of shear s tresses at the wall, these 
may cause thinning o r  total removal of a viscous o r  liquid surface layer o r  a looseiy 
adhering solid oxide film. As long a s  a glassy-like material is used at a temperature 
sufficiently below i t s  melting o r  softening temperature, simulation of shear forces is 
not necessary a s  demonstrated by the oxidation performance data of Perkins and Packer 
(Ref. 6). They exposed coated TZM (99 Mo-Ti-Zr) specimens to flow at various speci- 
men temperatures in a Mach 3 turbulent duct. A t  temperatures !XIOW 2900°F for pres- 
sures of 5- and 20-mm Hg, they noted essentially no difference in u s e f ~ l  ife from the 
results observed for slowiy moving a i r  tests. Similar agreement is reported for coated 
columbium-based alloys and a Sn-A1 coating on Ta-IOW. Although thinning of the coa-- 
ing occurred for the latter material, oxidation resistance was not significantly different 
from low velocity test results. 
If the surhce  layer is homogeneous and has a very large extinction coefficient, such a s  
a metal, emittance at elevated temperatures may be considered to be independent of 
thickness once an opaque layer is achieved. However, this may not krrld for some of 
the glassy-like materials, and the composition a s  a function of depth may change during 
exposure. Consequently, stability of radiative properties cannot be related to oxidation 
performance for all materials. No quantitative data have been found in the literature 
which relate emittance to flow conditions. Kaufman et al.  (Refs. 8 and 9) report 
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emittance data from supersonic a rc  and subsonic test facilities for a number of mate- 
rials.  However, no conclusions can be drawn regarding velocity effects because low 
velocity tests were conducted a t  nearly atmospheric pressures, whereas supersonic 
flow conditions were achieved a t  much lower pressures. Goldstein and Centalanzi 
(Ref. 10) have studied several TDNiCr alloys in a supersonic a r c  tunnel, and they ob- 
served differences in visual appearance of the surface between tunnel tests and the pre- 
oxidized material (furnace). However, only limited emittance data were obtained 
( A  = 0.65 p ) , and no comparison was presented regarding different flow conditions. 
Another important factor of velocity is i ts  effect on mass transfer at the surface. For 
emittance testing, the conditions should be such that the reactions in this test environ- 
ment proceed a s  they would in the entry environment. If this condition is met, then the 
surface composition and radiative properties should be the same a s  for flight conditions. 
If the reaction kinetics a r e  known for a particular material, fie mass transfer at the 
wall may be related to a heat-ii-aiiekr coefficient and the velocity and density, evalu- 
ated at boundary layer edge conditions, and flow properties could be adjusted to give 
a mass transfer which is calculated for the specific material under flight conditions. 
As discussed earl ier ,  no data were found in the literature on flow velocity (i. e . , sub- 
sonic or  supersonic) effects or, emittance of potential reusable materials. There a re ,  
however, data on oxidation behavior for both types of flows for several materials, 
Boeing (Ref. 11) did a study on the oxidation of uncoated molybdenum. They ccmputed 
the attack rate for the X-20 vehicle environment for various pressures and tempera- 
tures. The experimental data were obtained from a series  of tests using near sonic 
flow of low temperature a i r  over a resistance heated strip of molybdenum. Their re- 
sults showed that the lower velocity conditions give oxidaiion rates comparable to the 
values predicted for the flight environment. 
Buckley et al. (Ref. 12)  resented recession rate data for ATJ graphite and several 
graphite composites from b t h  subsonic and supersonic a r c  tunnel data. Surface 
temperature8 were on the order of 4000°F for the former and 4900°F for the latter 
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test conditions. The ATJ recession rates did not increase greatly for supersonic flow. 
The JTA composite showed a large increase in recession rate by going to supersonic 
conditions, but the authors indicated that this was probably due primarily to the higher 
temperature, and ve1ocii;y was a small effect. Data reported by Kaufman et a1 . 
(Ref. 8) for a number of materials show that at temperatures of 3000" F o r  less no 
significant differences in recession rates were observed between supersonic and high 
velocity subsonic flows. 
Althocgh the available data do not show any need for supersonic flow conditions, no 
specific information concerning flow-velocity effects on emittance is available. Con- 
sequently, i t  would be desirable to have a test apparatus that would have the capability 
of exposing candidate materials lo both subsonic and supersonic flow to determine if 
the latter conditions a r e  required for materials evaluation tests :or the shuttle vehicle. 
3 . 3  SIMULATION METHODS 
Although no laboratory equipment can duplicate the space shuttle entry environment in 
its entirety, a reasonable simulation can be achieved for emittance studies by using a 
high velocity, heated gas facility. To evaluate the effects of gas temperature, com- 
position, and velocity on emittance, the test apparatus should also have the capability 
of varying these parameters over a range sufficient that any trends may be established. 
Appropriate gas temperatures and composition can be achieved with a plasma heating 
device. Actual entry-profile velocity conditions cannot be obtained; however, for the 
shuttle candidate materials, much lower velocities a r e  believed adequate for emittance 
test purposes. The validity of this assumption can be checked by testing over a range 
of velocities from subsonic to supersonic. 
Arc-heated wind tunnel facilities are capable of achieving heating ra tes  and pressures 
that a re  representative for most of the entry trajectory. The specimen is heated con- 
voctively, however, and the uncertainties in heating rate, which a r e  magnified by cata- 
lytic o r  noncatalytic wall conditions, result in unacceptably large uncertainties for 
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computations of total hemispherical emittance. Simulation of the temperature and 
pressure versus time cycle is difficult at lower temperatures because of problems 
in control of the arc. Contamination from the a r c  may also present a serious problem 
baause electrobe =reducts dewsited s: !%z test m h z e  caii dra~i i~a i ly  alter the radi- 
ative properties. 
The proposed test method would use an rf heated @s supply for a subsonic o r  super- 
sonic nozzle. The specimen will be heated resistively and temperature control achieved 
by control of the gas and substrate temperatures. This heating method eliminates the 
possibility of contamination and permits temperature control over the entire entry 
cycle. 
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Section 4 
EXPEFUMENTAL APPAEATVS DESIGN 
The basic test apparatus concept selected for this program is to use a resistivity- 
heated specimen mounted in a water-cooled chamber in which the ambient pressure 
may be varied from 10-5 to 760 Torr.  A flow of heated air  (from a rf plasma) will 
be directed by subsonic o r  supersonic nozzles onto the specimen at fixed angles of 
incidence to simulate the entry environment. Specimen temperature and total pressure 
will be varied with time to simulate those occurring during entry at various locations 
on the vehicle surface. Instrumentation will be provided for measurement of surface 
and substrate temperatures, total and spectral normal emittance , and total directional 
emittance at selected viewing angles during cyclic tests with flow directed mto the 
specimen. Capability for calorimetric total hemispherical emittance measurement 
under static conditions will also be included. 
The chamber which encloses the specimen and the nozzle assembly will be stainless 
steel, 30-in. diameter by 28-in. high. The water-cooled flow duct from the gas heat- 
ing unit will be mounted to thr chamber wall. The nozzle assembly will accommodate 
a range of nozzle sizes and configurations for subsonic, sonic, and supersonic flow. 
Flow from the nozzle will exit from the wall of the chamber diametrically opposite the 
sample, through a water-cooled heat exchanger and then to the pumping system mani- 
fold. Three quartz and three KBr windows will be located around the chamber for 
viewing the test area with a radiometer and an optical pyrometer. The window arrange- 
ment will be such that normal and angular measurements can be made for the normal- 
flow-incidence sample position and near normal measurements can be made at two 
additional sample angles-of-incidence to the flow. Windows, sight tubes, and shutters 
will be water cooled. The interior chamber surfaces will be coated with a diffuse, high 
absorptance paint. 
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The specimen for electrically conducting substrates will be in the form of a strip, 
6- to 12-in. long and 112 to 1-in. wide. Specimen width will be adjusted according 
to available thickness of material so as not to ex!:eed the voltage and current limita- 
tinns of fie power supgdy at m z x h u m  test teinperature. Specimens which are poor 
o r  nonelectrical conductors will be heated by two methods. If the material can be 
applied to a metal substrate o r  can be formed to accommodate a centrally located 
element, heating will be done in the same manner a s  for the conductive materials. 
For materials that cannot be handled in this manner (such a s  the insulative material 
coatings), a platinum strip with a holder at one face will be used to heat the r ea r  sur- 
face and edges of the specimen. No calorimetric emittance data can be obtained for 
tLis latter configuration. The specimen o r  heater will be supported in a vertical po- 
sition to obtain optimum temperature uniformity in a convective atmosphere, a s  dis- 
cussed 'n Ref. 3. Power to the specimen will be conducted through two water-cooled 
electrodes, the upper one being fixed and the lower one equipped with a tension adjust- 
ing device to accommodate the thermal expansions and contractions of the specimen 
during temperature cycling. The specimen-electrode assembly will be rotatable for 
varying the angle of flow incidence, and will be located off of the vertical axis of the 
chamber to minimize any reflected energy problems. 
The flow system is designed for subsonic and supersonic capability. Design was based 
upon: 
Spzcimen test area is 1/2-in. diameter 
Maximum mass flow is 5 x lb/sec 
Total pressure on specimen variable from 2 to 100 Torr  
Consideration was also given to including a capability for hypersonic flow simulation, 
but the expense of the pumping system that would be required for such operating con- 
ditions ma& the inclusion of this capability impractical at tb.is time. The boundary 
layer that is present in an ordinary hypersonic nozzle allows only a small portion of 
the flow field to be used for testing. The free-jet technique has been used to avoid 
this problem; however, large axial gradients are found in a free jet flow field. In 
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such a flow field, ;tagnation pressure variations are obtained by moving the specimen 
axially in the flow field. In a facility designed to meet these constraints, the maximum 
attainable stagnation pressure i s  78.5 Torr .  The orifice diameter is 0.25 in. and the 
flow field is 4 in. in length. Operatinn under these cor,difions requires a p-mp capable 
of 10,000 cfm at 1 Torr  . This large pump size requirement i s  a direct consequence 
of operation at high, hypersonic Mach numbers; i.e., there i s  insufficient pressure 
recovery across the normal shock which terminates the flow field. 
Supersonic nozzles designs a r e  for Mach numbers of 2.5 and 1.3. Throat diameters 
a r e  0.4 and 2.0-in. respectively, and require a 850-cfm pump. The stagnation pres- 
sure on the specimen will be varied by changing the supply pressure to the nozzle, and 
the chamber pressure will be simultaneously varied to keep the operation at design 
conditions. 
Flow property variations in the test facility will be measured using standard wind tunnel 
techniques. Pitot and static pressure surveys will be made of the flow field which, to- 
gether with certain theoretical considerations, will yield the pressure, temperature, 
density, and velocity distributions in the flow field. 
The flow stream will be heated using a high frequency induction supply which forms a 
plasma in the hot gas generator section of the facility. A 15-kW power supply operat- 
ing a t  3 to 8 mHz has been selected. The plasma generating section is a water-cooled 
quartz tube enclosed to shield electrical noise a s  well a s  radiation from the plasma. 
The unit is started on argon, and operated on air after the plasma has been initiated. 
The pumping systems will consist of a 850 cfm mechanical pump for flow tests and a 
6-in. oil diffusion pump backed by a 15-cfm mechanical pump for high vacuum exposures. 
The latter system will be connected to the manifold through a gate valve and LN2 trap. 
A molecular sieve trap will be provided between the 15-cfm pump and the chamber to 
prevent oil backstreaming. Similarly, a water-cooled baffle will be provided upstream 
from the large pump. 
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A Barnes Engineering Company Model 12-511A, 4-in. Research Radiometer has been 
selected for radiometric measurements. This instrument will meascre the total and 
spectral radiance of test specimens as a function of temperature with a dynamic range 
6 
of 10 . A pyroelectric dekctor  package has been selected becailse of its essentialiy 
flat spectral response to radiation a t  wavelengths between 0.6 and 35 p .  
The Radiometer Optical Head consists of a Cassegrain-type reflecting system with a 
4-in. diameter, primary mirror ,  and an 8-in. focal length. The range of focus is  
from 12 in. to infinity, and the field-of-view is 2.5 mrad. For this field of view, the 
target size viewed by t'le radiometer ranges from 0.030 in. a t  a 1-ft target distance 
to 0.180 in. a t  6 ft, and i s  proportionally larger a t  larger target distances. Two eight 
position filters wheels a re  positioned in series  with the optics which allows for any 
one of 14 filters (or any combination of two filters) to be indexed manually into the 
optical path. Present plans call for the purchase of 12 broadband pass filters to cover 
the spectral region between 0.6 and 15 p .  
Additional instrumeritation components a r e  described in Ref. 3. A Micro Optical 
pyrometer(Pyrometer instruments Co) wi l l  be w e d  for brightness temperature measure- 
ments. Chamber pressure in the range of 0 .1  to 1000 Torr will be measured using an 
electronic manometer. Ionization and thermocouple gauges will be used for pressure 
measurement in the to 10-I Torr range. The electronic instrument has 
provisions for recorder monitoring of pressure a s  a function of time. Feedthroughs 
for thermocouple and power measuring leads will be provided in the chamber base 
plate with connections to appropriate reference junctions for temperature measurements. 
The specimen-heating power mpply will be ccqtrollable saturable core reactor unit for 
varying power to achieve the desired temperature cycles. A precision current shunt 
will be included in series  with the power leads for measurement of heatinig current. 
Potentiometric instrumentation and automatic data logging equipments will not be 
pro-rides with the deliverable apparatus a s  these items a r e  normally available in a 
well equipped laboratory facility. During the operation of the apparatus a t  LMSC , 
company owned potentiometric and automatic data acquisition equipment currently 
available in the Thsrmophysics Laboratory will be used for signal measurement and 
recording. 
26 
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Appendix A 
SUMMARY OF EXPERIMENTAL TESTS 
During the f irs t  year of activity on this program, three different experimental studies 
were made to obtain preliminary emittame data for materials of interest and to 
evaluate various measurement and simulation techniques. The data and results from 
these studies have been reported in Refs. 2 and 3 and therefore a r e  not repeated in 
this report. The brief descriptions below summarize the scope and intent of the tests 
and indicate the reference in which the data and results a r e  reported. 
High Temperature Emittance Tests of Oxidized L605 Alloy and L11500 Ceramic 
Coating Specimens. Total hemispherical, total normal, and spectral normal 
emittance data a t  temperatures between 250°F and 2300°F in vacuum and in 
static a i r  pressure environments of 1 and 760 Torr .  Thermocouple and 
pyrometer temperature measurements compared. Elriittance stability 
evaluated for 3 temperature cycles. Test data and results discussed in 
Refs. 2 and 3. 
High Temperature Emittance Tests of Pure Platinum Specimen to Evaluate 
Free Convective Heat Losses Fcr Vertical Strip Configuration. Total 
hemispherical, total normal, and spectral emittance data a t  temperatures 
between 500°F and 2500°F in vacuum and in static air  p r e s ~ u r e  nvironments 
of 1, 10, 25, 50, and 760 Torr.  Convective heat transfer coefficients 
determined as function of temperature and pressure. Test data and results 
discussed in Refs. 2 and 3. 
Supersonic Flow Simulation Feasibility Testa. Free stream flo:~ conditions 
,md su,.face preesure uniformity for a flat-strip sample geometry evaluated 
for three different supersonic nozzle designs as a function of mass flow rate, 
ambient chamber pressure, and distance from nozzle. Resulta a l ~  d h m w e d  
in Ref. 3. 
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~ o c u n t r o  r ~ s s ~ t t s  r S P A C E  C O M P A N V  
A O I O U V  O I V I S I O I  111 1 r.8 * I  a r  a *  . 
ATTACHMENT A 
FINANCIAL STATUS REPCYT 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Contract value $156,886 
. . . . . . . . . . . . . . . . . . . . . . .  Expenditures this month 2,970 
. . . . . . . . . . . . . . . . . . . . . . . . .  Expenditured to date 35,789 
Estimated funds to cornpietion . . . . . . . . . . . . . . . . . . . .  121,097 
A~~ticipated over /under run . . . . . . . . . . . . . . . . . . . . . .  - 
Estimated ccc; of changes authorized but not finalized . . . . . . .  - 
Estimated ccst of changes under consideration, but not authorized . - 
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